The adsorption of water vapour onto microporous carbon films derived from fluorinated aromatic polyimides was studied at 25 o C over the relative pressure range 0-0.95. The carbon films prepared were microporous with a high micropore volume ranging up to 0.44 mᐉ/g and a sharp pore-width distribution at ca. 0.6 nm.
INTRODUCTION
The industrial production of microporous adsorbents is well established with the wide variety of products produced satisfying the requirements of many applications (Bansal and Goyal 2005) . In these applications, the adsorption of water vapour by porous materials plays an important role in processes such as environment control in industrial clean rooms (Tanaka 2005) and in medical and laboratory-animal facilities (Koba 2005) , in addition to water purification and wastewater treatment processes (Toyoda et al. 2003; Matsuo and Nishi 2000) for environmental protection. However, at present, large and expensive facilities for water supply and drainage systems are needed to maintain indoor air humidity levels. Hence, humidity control systems using adsorption/desorption processes could become important in maintaining appropriate indoor air humidity levels since smaller systems and simpler operations would be expected.
As adsorbents, porous carbons are considered as one of the candidate materials for such intelligent humidity control. Indeed, in modern technologies, water vapour management using porous carbons as adsorbents is becoming increasingly important. Thus, for the steady operation of the polymer electrolyte fuel cell (PEFC), water transport via gas diffusion through a layer composed of carbon fibres is quite important (Liu et al. 2007 ). The application of porous carbons for a heat pump based on water vapour adsorption was investigated as a means of achieving a high cold heat output; in such a system, petroleum coke activated by KOH was used as the adsorbent (Kawano et al. 2008) .
Normally, water vapour has a low affinity for carbon materials, with the adsorption isotherm exhibiting type V behaviour according to the IUPAC classification with a significant uptake at relative pressures in the range 0.3-0.5. In most applications of porous carbons for water vapour adsorption, however, a higher uptake of water vapour at lower relative pressures is required for porous carbons with a high adsorption capacity. Hence, the demand for carbons with a well-defined porous structure to direct the inflection points of water vapour adsorption towards lower relative pressures is increasing in conjunction with the need to control the adsorption capacity at saturation. Water vapour adsorption is known to be especially sensitive to changes in the pore structure of the adsorbent, with the amount adsorbed depending on both the surface chemistry and the porosity (Mowla et al. 2003) . It has also been reported that water vapour is not adsorbed in mesopores but only in micropores (Kaneko et al. 1999) . Hence, an understanding of the role of micropores in porous carbons is important in any study of their water vapour adsorption behaviours.
Polyimides are known to give carbon films in which the porous structure is strongly governed by the molecular structure of precursor polyimides (Inagaki et al. 1999) . Thus, it has been reported (Hatori et al. 2004 ) that the carbonization of a polyimide containing a Kapton-type repeat unit at 1000 o C leads to a resulting carbon film which exhibits molecular sieving capabilities. We have reported previously on the carbonization behaviour of polyimide films with various molecular structures and studied the pore development in these carbon films (Ohta et al. 2008a) . Microporous carbon films with a specific surface area greater than 1000 m 2 /g could be obtained without any activation process. However, it was demonstrated experimentally that a proper selection of the molecular structure of the precursor polyimide was necessary in order to produce a highly microporous film, viz. the molecular structure should either consist of a large number of phenyl rings or contain fluorine in the repeating unit (Ohta et al. 2008b) . A polyimide containing 31.3 mass% fluorine in its repeating unit gave a carbon film with a microporous surface area of 1340 m 2 /g and a micropore volume of 0.44 mᐉ/g.
In the present work, the water vapour adsorption behaviours of carbon films derived from various fluorinated polyimides have been investigated in order to understand the effects of pore structure and heat-treatment temperature on the resultant carbon films.
EXPERIMENTAL

Preparation of polyimide films
Six polyimide films possessing the repeat units depicted in Figure 1 were prepared using the same procedure as reported by us previously (Ohta et al. 2008a) . The dianhydrides and diamines used in the present work were the same as reported in our previous papers. The polyimide PMDA/ODA, obtained from the combination of PMDA and ODA, had the same molecular structure as that of commercially available Kapton and contained no fluorine. The other five polyimides contained different numbers of -CF 3 pendant groups in the dianhydride and/or diamines components. The nominal fluorine contents were calculated from the repeat units of the polyimide employed.
Poly(amic acid) was synthesized in N-methyl-2-pyrrolidone (NMP) solution at room temperature and cast as a film of ca. 50 µm thickness after drying for 2 h at 80 o C. Poly(amic acid) films of 30 × 30 mm 2 size were heated at 350 o C for 1 h to induce thermal imidization and then carbonized at 600-1300 o C for 1 h in a flow of high-purity N 2 gas. Details of the preparation of such polyimide films and their carbonization have been reported by us previously (Ohta et al. 2008b) . Ion chromatography after oxygen flask combustion employing a 200i/SP model instrument (Dionex Corp., Sunnyvale, CA, U.S.A.) was used to determine the fluorine content of the prepared carbonized films, while the carbon, nitrogen and oxygen contents of the same were determined via a CHN analyzer (Sumigraph NCH-21, Sumika Chemical Analysis Services Ltd., Tokyo, Japan) fitted with a TCD detector.
Characterization of the porous structure
Adsorption/desorption isotherms of nitrogen onto the prepared carbon films were measured at -196 o C employing a volumetric instrument (Bellsorp 18 plus, Bell Japan Co. Ltd., Tokyo). All samples were degassed at 350 o C for 2 h at a pressure of < 10 -4 Pa prior to such measurements. The specific surface area, S BET , was assessed via standard BET analysis of experimental data measured at relative pressures between 0 and 0.25. The total surface area, S total , external surface area, S ext , and micropore volume, V micro , of each film were determined by applying the α S -plot method using a standard carbon black as the reference solid. The microporous surface area, S micro , was obtained from the difference between the S total and S ext values. The pore-size distributions in the micropore region were estimated using the Horvath and Kawazoe (HK) approach (Horvath and Kawazoe 1983).
Water vapour adsorption
A Hydrosorp-100 instrument (Quantachrome Corp., Boynton Beach, FL, U.S.A.) was used for the volumetric measurement of the water vapour adsorption isotherms at 25 o C (the equilibrium pressure of water vapour at this temperature is 3.168 kPa). All samples were degassed prior to measurement for 2 h at 350 o C employing a pressure of less than 10 Pa. Pressure steps of 0.1 were used to obtain isotherms over the relative pressure range of 0-0.95. The reverse procedure was used to study the desorption processes and the saturated water vapour adsorption capacity was defined as the amount adsorbed at a relative pressure of 0.95.
For comparative purposes, water isotherms were also measured on the commercially available PAN-based activated carbon fibres FE200 and FE400 (Toho Tenax Co., Ltd., Chiyoda-ku, Tokyo, Japan) and on the activated carbon Vulcan XC-72 (Cabot Corp., Ichihara City, Chiba 290, Japan).
RESULTS AND DISCUSSION
Prepared carbon films
Carbon films prepared at 600 o C were found to contain only trace amounts of fluorine, with their F/C atomic ratios being less than 0.01. Hence, it is reasonable to assume that much of the fluorine content was evolved during the early stages of carbonization with only a trace amount remaining in the resultant carbon films. The N/C and O/C ratios of the carbon film prepared from 6FDA/TFMB at 600 o C were determined as ca. 0.09 and 0.32, respectively, the N/C ratio being almost same as that for Kapton as determined via X-ray photoelectron spectroscopy (Konno et al. 2001 ). The oxygen content was also somewhat higher than that of Kapton as determined by Rutherford back-scattering spectroscopy (Inagaki et al. 1989 ). Hence, it was assumed that the values of the N/C and O/C ratios for 6FDA/TFMB following carbonization at 600 o C were similar to those for Kapton. Trace amounts of oxygen and nitrogen could still be detected in the films even after heat treatment above 1000 o C; however, their values were so low that it was assumed that the surfaces of the carbon films were hydrophobic in nature.
The N 2 adsorption/desorption isotherms obtained for all the carbon films heat-treated at 600 o C are depicted in Figure 2 . All the isotherms are of type I according to the IUPAC classification, suggesting 376 N. Ohta et al./Adsorption Science & Technology Vol. 26 that the carbon films obtained were microporous. In Table 1 , the characteristic pore properties, S BET , S micro , S ext , V micro and pore width, for these carbon films are listed, together with the nominal fluorine content of precursor polyimide. It will be seen from the recorded data that S ext was negligibly small in comparison with S micro , as expected from the N 2 adsorption isotherms. The micropores formed in these carbon films had pore widths of ca. 0.57 nm, although the polyimide PMDA/ODA possessed slightly larger pores. The magnitudes of S BET and S micro increased with increasing fluorine content in the polyimide precursors. It has been demonstrated experimentally that these carbon films exhibited a sharp pore-size distribution at ca. 0.6 nm (Ohta et al. 2008b ). Hence, it can be stated that these carbon films contained highly developed ultramicropores in which the pore widths were virtually uniform, whereas the surface areas and volumes of the micropores depended strongly on the fluorine content.
Water vapour adsorption behaviour of carbon films
Water vapour adsorption measurements were undertaken on the carbon films heat-treated at 600 o C. Figure 3 shows the corresponding isotherms obtained for the carbon films at 25 o C, all of which are of type V in the IUPAC classification with a small amount of hysteresis. It will be seen that the water vapour uptake commenced at a relative pressure of ca. 0.2, with virtual saturation being attained above 0.5. The amount of water vapour adsorbed depended strongly on the polyimide studied, with a significant uptake to more than 400 mg/g being obtained for the carbon film derived from 6FDA/TFMB, i.e. that with the highest nominal fluorine content. Figure 4 shows a plot of the saturated water vapour adsorption capacity versus the micropore volume, V micro , of the various polyimide films. It will be seen from the figure that an approximately linear relationship for the carbon films derived from fluorine-free and fluorinated polyimides was obtained.
The carbon film derived from fluorine-free PMDA/ODA had a micropore volume, V micro , of 0.22 mᐉ/g and a saturated adsorption capacity of 141 mg/g. Changing the precursor polyimide to s-BPDA/bis-A-AF with a fluorine content of 19.2 mass%, led to an increase in the micropore volume, V micro , to ca. 0.36 mᐉ/g and a consequent increase in the saturated adsorption capacity to 246 mg/g. Thus, increasing the fluorine content in the precursor polyimide led to an increase in the saturated adsorption capacity which showed a linear dependency on the increasing magnitude of V micro . The carbon film derived from 6FDA/TFMB, viz. the precursor with the highest fluorine content, possessed an adsorption capacity of 465 mg/g; in other words, the film was capable of adsorbing water vapour up to 46.5 mass% of its weight.
In Figure 5 , the relative pressures necessary to attain adsorption amounts equal to 10 mass% and 90 mass% of the saturated adsorption capacity have been plotted against the saturated adsorption capacity for each carbon film. The relative pressures necessary to reach 10 mass% of the water uptake were almost constant despite the saturated adsorption capacity of the carbon films, whereas the relative pressures necessary to reach 90 mass% adsorption decreased as the saturated capacity increased. These results suggest that carbon films with a high micropore volume -and consequently a high saturated adsorption capacity -possess a particular pore structure which stimulates the adsorption of water vapour. The carbon film derived from 6FDA/TFMB with the highest nominal fluorine content of 31.3 mass% showed a marked adsorption ability, with 90 mass% water vapour being adsorbed at relative pressures up to 0.46.
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N. Ohta et al./Adsorption Science & Technology Vol. 26 No. 5 In contrast, the carbon film derived from PMDA/ODA required a relative pressure of 0.74 to achieve the adsorption of 90 mass% water vapour. Figure 6 shows a comparison of the water vapour isotherms for PMDA/ODA and 6FDA/TFMB with those for commercially available activated carbon fibres, viz. FE200 (S BET = 654 m 2 /g) and FE400 (S BET = 1010 m 2 /g), and activated carbon XC-72 (S BET = 272 m 2 /g). Water vapour adsorption characteristics, such as the relative pressure and the sharpness of the increase corresponding to micropore filling and the saturated adsorption capacity, differ greatly from one sample to another. Thus, the carbon film from 6FDA/TFMB gave almost the same saturated adsorption capacity as FE400, but showed a much steeper increase in adsorption uptake at much lower relative pressures than FE400.
Effect of heat-treatment temperature
The influence of the heat-treatment temperature on the water vapour adsorption behaviours on the carbon films derived from PMDA/ODA and 6FDA/TFMB was investigated. Figure 7(a) and (b) show the adsorption/desorption isotherms of water vapour on 6FDA/TFMB and PMDA/ODA, respectively, carbonized at different temperatures. Pore structure parameters determined from N 2 adsorption isotherms are summarized in Table 2 . For PMDA/ODA, a higher uptake in the relative pressure range above 0.2 and a slightly larger saturated adsorption capacity were observed for the carbon film heat-treated at 1000 o C relative to that heat-treated at 600 o C [ Figure 7 (b)], even though the value of V micro decreased markedly to 0.04 mᐉ/g following heat treatment at 1000 o C relative to the corresponding value of 0.22 mᐉ/g obtained after heat treatment at 600 o C (Table 2) . Heat treatment at temperatures above 1000 o C led to a decrease in water vapour adsorption; a much lower saturated capacity and large hysteresis after heat treatment at 1200 o C and no water vapour adsorption after heat treatment at 1400 o C. These results on carbon films derived from PMDA/ODA might be due to the formation of inkbottle-type pores with a small pore diameter, probably because of the shrinkage of the film during high-temperature treatment.
On the other hand, the saturated adsorption capacity of the carbon film derived from 6FDA/TFMB was little affected by heat treatment [Figure 7 (a)], with only a slight decrease occurring even after heat treatment at 1300 o C. The changes in the pore-structure parameters tabulated in Table 2 are also small, with the value of V micro being still as high as 0.42 mᐉ/g even after heat treatment at 1300 o C. However, it should be pointed out that high-temperature treatment is not to be recommended since a steep increase in water vapour uptake occurs at a higher relative pressure of ca. 0.55.
CONCLUSIONS
The adsorption of water vapour was studied on carbon films prepared from fluorinated aromatic polyimides with different fluorine contents. Carbonization of such fluorinated aromatic polyimides afforded ultramicroporous carbon films with a high micropore volume.
The prepared carbon films exhibited type V isotherms for water vapour adsorption and showed a steep increase in adsorption uptake over a narrow range of relative pressures extending from 0.2 to 0.5. The saturated adsorption capacities measured at a relative pressure of 0.95 were proportional to the micropore volumes, V micro . The carbon film obtained from the fluorinated polyimide 6FDA/TFMB retained a high saturated adsorption capacity (460 mg/g) even after heat treatment at 1300 o C. However, the adsorption behaviour of the carbon film derived from fluorinefree PMDA/ODA was strongly affected by the heat-treatment temperature. Carbon film from 6FDA/TFMB -with the highest nominal fluorine content -carbonized at 600 o C gave the lowest adsorption threshold and the highest saturated adsorption capacity for water vapour.
